Dislocations in quartz crystals have been known to cause problems in the fabrication of resonators by the formation of etch channels. In addition, it is suspected that they contribute to acceleration sensitivity, thermal hysteresis, and possibly aging. The behavior of dislocations in quartz is also of interest to the fields of geophysics, seismology, and plate tectonics because it affects the underground movement of rock. This paper is a review of the literature, including geophysical work, and its implications for frequency control.
Introduction
Fundamental studies on dislocations in quartz have not been a high priority in the frequency control community. Early work indicated that dislocation densities found in cultured quartz did not adversely affect resonator performance, and since then, most of the work has been focused on how dislocations affect the processing of resonators. Etch channels and pits, which result when quartz containing decorated dislocations is chemically etched or polished, decrease the mechanical strength of the resonators and lower the yields in manufacturing processes. However, as the requirements for resonator performance becomes more stringent, the presence of dislocations in resonators is likely to become more significant. Recent work has shown that etch channels dramatically reduce the Q of high frequency bulk wave resonators. It has also been shown that the vibrational mode shape can affect the acceleration sensitivity of resonators, and X-ray topographs clearly show that mode shapes m distorted by dislocations. Thermal hysteresis and aging may also be affected by the presence of dislocations.
The properties of dislocations in quartz are also of interest to rescarchers in the ficlds of geology, 2 U.S. Government work not protected by U.S. copyright seismology, and plate tectonics. When quartz is subjected to high stress and temperature, it flows (plastically deforms) through a mechanism involving the movement of dislocations. It has been reported that the ease with which these dislocations move is linked to the amount of water in the crystal. This effect has been studied extensively over the past twenty-five years and a large body of literature has been published in the geophysical and mineralogical journals.
The current interest in UHF resonators, low acceleration sensitivity resonators, low hysteresis and low aging resonators, and the relatively untapped geophysical work make this an ideal time for a review paper on dislocations. In this paper we discuss historical background and current theories of dislocations in quartz. Some of the geophysical findings may be used to help explain results reported in the frequency control community.
Observing Dislocations
A dislocation is defined as a linear lattice defect.
An edge dislocation is formed by inserting an extra plane (or planes) of atoms into an existing lattice. A screw dislocation is generated by displacing the lattice on one side of the dislocation line relative to the other.' The Burgers vector states how much and in what direction a dislocation distorts the crystal lattice. The Burgers vector of an edge dislocation is normal to the dislocation line while for a screw dislocation it is parallel.'
There are many ways to observe dislocations in quartz, some direct and some indirect. 
ImDact of Dislocations on Resonators
The questions of real interest for the frequency control community is how dislocations affect device fabrication and performance.
First, consider the fabrication process. As mentioned earlier, when quartz containing decorated dislocations is etched, channels form. In HF, etch channels about 1 micron in diameter propagate from the surface at more than 100 micron/hour. This is much faster than the bulk etching rate." One way to reduce the number of etch channels that form during chemical polishing and etching is to use swept quartz. However, this does not reduce the dislocation density.
HansonI6 took X-ray topographs before and after sweeping quartz samples and no decrease was seen in the dislocations.
The next concern is the effect of dislocations on performance. A resonator property that is often measured and reported is Q. In the past it was commonly accepted that dislocations did not affect resonator Q. In 1982, Iwasaki and Kurashige" fabricated 5 MHz AT-cut resonators and found no correlation between dislocations and mechanical Q for quartz blanks with dislocation densities up to ld/cm2. In a more extensive study, Meeker and Miller" also looked for a correlation between the dislocation density and the performance chamcteristics of 8 MHz fundamental AT-cut resonators cut from r-bars.
They found that not only were the Q's independent of the dislocation density, but so were the resistance and inductance of the resonators. However, they did correlate the grown-in strain associtated with dislocations to abnormal f-T behavior. That is, the dislocations were responsible for apparent angle shifts in resonators of up to several minutes of arc. In a recent article, Kent" correlated Q degradation with etch channels in high frequency (45 to 140 M H z ) bulk wave resonators which are chemically etched as part of the fabrication process.
In these very thin resonators a single etch channel in the active area reduced the Q by 46%. For these resonators, Kent states that low etch channel quartz (either as grown or swept) is necessary to achieve consistent Q values. Since the dislocation density is unaffected by the sweeping process, it would appear that for these resonators it is the presence of the etch channels rather than the dislocations that degrades the Q.
The apparent angle shifts in resonators, found by Meeker and MillerI7 to be correlated with dislocations, suggests that dislocations can change the material constants in quartz. In support of this hypothesis, James19 stated that he found significant differences in the elastic moduli in quartz of different grades. The difference between the grades was the level of Al impurities and the dislocation densities (10/cm2 for the higher grade vs. l@ to 10'/cm2 for the lower). Such changes in the elastic moduli would be likely to show up as deviations in the f-T characteristics (apparent angle offsets).
Recent attempts to make resonators less sensitive to acceleration have not been uniformly successful. One reason for this Seems to be that the vibrational modes are not the correct shape or in the correct place to cancel the acceleration frequency offsetm Several groups have studied the mode shapes in active resonators using standard and stroboscopic x-ray topography."*"*2' The Y have found that the presence of dislocations in the active regions of the resonators distorts the mode shape, enhances coupling among modes, and interferes with mode trapping. This means that very low dislocation quartz is necessary for fabricating acceleration insensitive resonators.
Finally, consider the problems of hysteresis and aging. If dislocations change their positions during the life of the device, this could contribute to aging. There is no direct evidence that this happens=, but Gliier et also be a factor in hysteresis? As the temperature is increased and decreased, the dislocations may move to different potential minima, changing the crystal constants. Beaussie?" has put forth the proposition that slight plastic deformations, associated with the movement of dislocations, can cause an intrinsic hysteresis in bulk quartz.
Characteristics of Dislocations in Quartz
In cultured quartz it has been observed that dislocations usually originate in the seed or at inclusions within the growth zones. It has also been observed that these dislocations propagate nearly perpendicularly to the growth front in each of the growth regions (+x, -x, S and z)." The angular distribution of dislocations in the growth zones was used by
Alter and Voig? to show how the directions change when dislocations pass growth boundaries. They cut blanks from -x, +x, z, r, and R growth sectors and used them as seeds. The degree to which the dislocations would deviate from the growth front normal was predicted by an elastic energy minimization per length model. The dislocations on the +x seeds were nearly parallel to the seed. Meeker and Miller" found two types of dislocations in cultured r bars. The first was uniform and slow etching.
After these dislocations had been etched into etch channels, there was no disruption of f-T curves. The second type were clustered, etched faster, and changed the f-T curves. vector is the most prevalent. An dislocation with this vector is shown in Fig. 1 To reduce the number of dislocations originating from the seed, the seeds were cut from high quality natural quartz which had been inspected by X-ray topography for dislocations. Using these methods, the dislocation density of the grown bars was kept to less than 10/cm2. This material also had radiation induced offsets of less than lo" Hz/rad. h i n g t o n et
have made an extensive study of ways to reduce the number of inclusions and dislocations in cultured quartz. Some of the methods which did not improve the quartz quality were sweeping the seeds before growth, doping the seeds to change the lattice dimensions, and annealing the quartz bars. In fact, the annealing seemed to increase the strain around the inclusions. One method that did decrease the dislocation density in the grown bars was growing on seeds cut from the +x region. Armington's data was inconclusive on the effect of silver liners on dislocations. Irvine This is partly because of the abundance of this material in the earth and partly because of its unusual properties. One of the more important aspects of these is how quartz behaves at high stress levels. The long term strengths and flow properties of rock is of major importance to geophysicists because it is critical to the understanding of e.g. earthquake seismology.Y The goal of geophysical research on the high temperature deformation of rocks is to determine the stress and strain history of the Earth's crust and mantle.
This will allow accurate modeling of rock movement?' When quartz is permanenlIy deformed by stress, it is done so through the movement of dislocations. Geophysicists are interested in using dislocation density to infer the stresses experienced by the samples while underground.
Natural quartz is unusual in the sense that the combination of high strength combined with low elastic constants means that very large elastic deformation of single crystals is possible? With dry natural quartz, there is a change in the response to an applied strain at around 700 degrees C.% At this temperature there is a change that allows plastic deformation. This yield temperature is much lower for cultured (and for natural quartz that has water added during the experiment)!."
These yield temperatures are dependent on the amount of water in the crystals (see Fig. 2 ). For cultured quartz the yield temperature ranges from 650 degrees C for lo00 ppm H/Si to 380 degrees C for 9000 ppm H/Si (here the H content was calculated from the 3 p IR absorption band)! In the plastic deformation of the quartz, this movement is accomplished by dislocation propagated That is, the movement of dislocations allows bulk plastic flow. The slip planes in quartz. which correspond to preferred directions for dislocation movement, have been determined.*,' Tullis3' notes that there is a critical weakening pressure in the same sense that there is a yield temperature. After quartz is plastically deformed, high dislocation densities appear. Hobbs examined cultured quartz that had been permanently deformed at 300 to 400 degrees C using TEM and found large numbers of tangled dislocation lines?6
One of the first theories which considered the role of water in dislocation movement was the Frank-Griggs model'. In the Frank-Griggs model (Fig. 3) . the effect of water weakening is explained by the hydrolyzing of 0-Si bonds! This supposedly makes the movement of the dislocations easier because the 0 -H bonds are easier to break than 0-Si. Recently, McLaren et al." looked at the problem of water weakening using TEM. They found that when wet quartz is heated, water bubbles expand and generate dislocation loops. These loops can, given time, connect several water bubbles. They claim that the OH terminations do not make the dislocations glide easier. Instead, when the quartz is heated, the bubbles expand (see Fig.4 ) and generate the dislocations needed for As mentioned earlier, Armington et al. found that the strain around the inclusions was increased after annealing, and in the same paper they stated that most of the dislocations in their quartz were voids, partially filled with liquid These may correspond to the bubbles seen by McLaren. Brice3' has conducted experiments in which the alpha ( the infra-red absorption coefficient at 3500 cm-', proportional to H content) is shown to be correlated to dislocation density. That is, the dislocation density can be estimated from alpha (QI,J. Samples with higher alpha'a (lower Q's) have higher dislocation densities. This can be fit to the curve loglo N,, = 5.00 f 0.48 + 2.5 loglo a where ND is the dislocation density (cm-? and a is in cm". With MD simulations it would be possible to better interpret the dislocation experiments suggested in the last paragraph. Also, it is possible to perform simulations of P-T conditions that would be difficult and costly to do in experiments.
